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FOREWORD

This is the Final Report on Contract AF 30(602)-2511

entitled "New Methods for Measuring Spurious Emissions". The

report describes the effort expended in the investigation of

new methods for measuring the spurious emission power of micro-

wave transmitters. This work was sponsored by Rome Air Devel-

opment Center., Research and Technology Division, Air Force

Systems Command, United States Air Force, Griffiss Air Force

Base, New York. The management and technical supervision of

this program was under the cognizance of Messrs. R. Powers

and L. F. Moses of RADC.
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ABSTRACT

Newer, simpler, and more accurate methods of meas-

uring the spurious-emission power of microwave transmitters_.... c-, _z

-& en investigated. Two of these methods--the fixed-

probe and the movable-probe methods--measure the power in

the waveguide. A third, the free-space method, measures the

power outside the tra-srnission line. All of the methods are

capable of accuracies of +1 db or better.

In all three methods, the electric-field amplitude

is measured in a region where the modal phase constants and

the wave impedance have essentially their free-space values.

For the waveguide methods, this region is an oversize section

of waveguide. For the free-space method, this region is out-

side the transmission line.

The fLxed-probe method lends itself most readily to

automatic instrumentation and 1 received the greatest empha-

sis during this program. Instrumentation e~en-developed

to measure pea. power levels as low as -40 dbm in the 3 to

10 $c frequency range in less than 5 minutes per frequency.

Primary emphasis - n-on measurements of power

flow into matched loads. However, the extension of the fixed-

probe method to the measurement of power transferred into

mismatched loads is also described.
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A. INTRODUCTION

This report describes the effort expended on Con-

tract AF 30(602)-251.1 in investigating new methods for meas-

uring the spurious emission power of microwave transmitters.

The complexity of the measurement problem is due

almost entirely to the large number of modes in which the spu-

rious emission power can propagate. Conventional (dominant

mode) power measuring equipment cannot be used to measure

mLitimode power unless the modes and the relative power in

each mode are known. in practice, these powers are not known,

and, therefore, multimode power measuring equipment is

requi red.

Previously, methods for measuring the power of har-

monic and anharmondc spurious emission were developed by

Forrer and Tomiyasu, Price, and Lewis (references 1, 2, and 3).

Forrer and Tomlyasu used a movable-probe assembly

in standard-size wavegulcle L(; measure the amplitude and phase

of the electric field on the walls. By performing a Fourier

analysis on the measured data, the power propagating in each

mode was determined. A computer was required to analyze the

data at each frequency at which measurements were made. The

authors reported that their probe tended to arc while being

moved in the waveguide. For this reason, the transmitter was

turned off between measurements, thereby precluding repeat-

ability in the measurements.

Price developed a fixed-probe technique to measure

the electric fields normal to the boundary of a standard-size

waveguide. The power in each mode was then calculated in a

manner similar to that used by Forrer and Tomiyasu. Pricels



method eliminated the problem of arcing, but computer services

were still required to reduce the data at each measurement frc-

quency.

Lewis developed a series of mode couplers, each of

which selectively couples a given mode to a separate outpu.t

port. By calibrating the mode couplers, it was possible to

measure the total spurious-emission power by summing the power

at each output port. This method is satisfactory if the spu-

rious-emission power is concentrated in a known limited number

of modes.

During the present program, three methods of meas-

uring the multimode spurious-emission power were investigated--

a fixed-probe method and a movable-probe method, which meas-

ure the power in an oversize section of waveguide, and a free-

space method, which measures the power outside the transmission

line. The goal of the investigation was to develop a measuriig

technique that avoided the limitations of the earlier methods--

that is, the need for computer services, breakdown at high

powers, and the dependence of accuracy on the propagating modes.

The fixed-probe method is based on averaging the

power coupled by 36 short electric probes located on the periph-

ery of an enlarged section of waveguide. In the enlarged sec-

tion the phase constant and the wave impedance fo3v all the

modes that can exist in the standaru-size wavegulde are essen-

tially equal. With this type of propagation, the equations for

power flow are greatly simplified and the average of the power

coupled by the probes is proportional to the waveguide power

plus an error term. This error term is caused by the presence

of certain mode pairs in the waveguide. When these modes are

present, their effect on the coupled power is canceled to a

great extent by adjusting a line stretcher in the standard-

size waveguide for maximum and minimum coupled power and aver-

aging the results. Measurements made over the 3 to 10 Gc fre-

quency range showed an accuracy of 1 db or better.

2



The fixed-probe method lends itself to automatic

sampling techniques that enable spurious-emission power to be

measured rapidly. Continuously rotating probe-sampling com-

mutators and an averaging circuit were designed and fabri-

cated. A receiver has been incorporated in the system to

facilitate the measurement of spurious-emission power levels

of -35 to -40 dbm over the 3 to 10 Gc frequency range. To

demonstrate the feasibility of the technique, the waveguide

components have been designed to make spurious-emission

measurements in S-band waveguide.

The movable-probe method that was investigated used

a scannin% electric przbe to measure the electric-field ampli-

tude over a plane transverse to the direction of propagation

in an oversize section of waveguide. Two balanced dipole
probes are used to measure the vertically and horizontally

polarized components of the electric field. Measurements made

at 4.3 and 5.0 Gc gave an accuracy of 0.44 db or better.

Three free-space methods of measuring spurious-
emission power were also investigated during this program--

a scanning dipole probe, a scanning passive scatterer, and

multiple scationary probes. The most successful technique,

the scanning dipole probe, is very similar to the in-guide

movable-probe method.

3



B. FIXED-PROBE METHOD

The fixed-probe method of measuring spurious-emission

multimode power flow is based on averaging the power coupled

by a number of short electric probes located on the periphery

of an enlarged section of waveguide. This method has been

automated to permit rapid measurements of spurious-erission

power. The equipment required for this automated method is:

a line stretcher, a taper to the enlarged waveguide, a section

of enlarged waveguide for mounting the fixed probes, a multi-

mode matched termination, probe-sampling commutators, a micro-

wave detector, and an electronic circuit to average the power

coupled by the probes. A block diagram of the equipment is

shown in Figure 1. The underlying theory of operation and the

development of this equipment are described in this section.

The modifications required to measure the spurious-emission

multimcde power transferred to mismatched loads is also dis-

cussed.

I. THEORY OF OPERATION

In Appendix I, it is shown that the average of the

power coupled by a large number of probes located on the

periphery of an enlarged section of waveguide is given by:

P = C Pp + E

where

C = calibration constant,P

= error term,

= average of power coupled by probes.
p

p eedn9page,-ay

PIT 5



There are two theoretical sources of error in the

actual measurement of the waveguide power. The first is due

to the terms. E will be non-zero only if certain mode pairs
are present in the waveguice. In S-band guiae, 9 can be non-

zero only above 6.06 Gc. As shown in Appendix I, 8 is a func-

tion of the length cf the transmission line between the trans-

mitter and the enlarged waveguide. By varying this length

with a line stretcher, E takes on positive and negative val.-

ues, and P passes through maximum and minimum points. If

the maximum coupled power (6 maximum positive) and the mini-

mum coupled power (6 maximum negative) are averaged, E is,

io a !Rrgc extent, canceled.

The second source of error is caused by an ambigu-

ity of 3 db in the value of the calibration constant Cp. If

the system is calibrated with m,0 and O,n modes and is then

used to measure power which is propagating wholly in m,n type

modes (m,n ? 0), the indicated power will be 3 db higher than

the true power. There are two ways to minimize this error.

The first is to adjust the calibration constant Cp so that

the maximum error is +1.5 db. The second is to display the

electric-fieldpattern sampled by the probes on an oscillo-

scope. If the broad- and narroow-wall field amplitudes are

approximately equjal, and If this relationsnip i6 constant as

the line stretcher length is adjusted, the power flow is pre-

dominantly in m,n type modes (m,n / 0). When this situation

occurs, 3 db can be subtracted from the indicated power to

yield the actual power flow in the waveguide (assuming that

the system has been calibrated with m,O and O,n modes). How-

ever, it should be mentioned that experience with low-power

coaxial-to-waveguide transitions and the limited measured

data on an S-gand magnetron have shown that this is not an

important source of error. More data is needed to verify

this conclusion in all practical cases.

6



2. TROMBONE LINE STRETCHER

The trombone line stretcher has the internal dimen-

sions of standard S-band waveguide (Figure 2). When the

error producing modes are present in the waveguide, the error

term E in equation 1 can take on maximum positive and negative

values by adjusting the line stretcher length properly.

The 0-degree bends are standard S-band H-plane

bends with inside radii of 6 inches. The sliding electrical

contact is rn'rde by solid spring stock with additional thick-

ness at the point where sliding contact occurs. Although the

line stretcher was tested at 3.1 megawatts, no breakdown

occurred. The trombone line stretcher was constructed with

sliding teflon pressure seals because the power-measuring

equipment must operate in pressurized waveguide systems,

The leakage rate, measured while the line length was changing,

was 0.16 cfm at an internal pressure of 1 atmosphere (gage).

The line stretcher is driven by an electric motor

that can stop and reverse with less than 5 degrees overrun at

the motor--that is, less than 0.006 inch overrun in path

length through the line stretcher. This capability simpli-

fies setting the line stretcher to obtain the maximum and

minimum coupled power in the procedure to minimize the effect

of the error terms. The rate of change of path length

through the line stretcher is 14.4 inches per minute. This

relatively slow speed also simplifies setting the line

stretcher.

For the initial testing of the fixed-probe method,

a linear line stretcher was fabricated. In the final equip-

ment, however, a trombone line stretcher was required to

eliminate the relative movement between the transmitter under

test and the measuring equi'pment. The bends required in a

trombone line stretcher inevitably cause mode conversion,

and, to test the effect on the power-measuring accuracy of

the 6-inch radius bends, three types of tests were made.

7



The first test measured the dominant mode SWR of

the line stretcher at 4.0 Gc. The measured SWR was 1.15,

corresponding to a reflective insertion loss of 0.02 db.

The second test compared the probe constants (C)P

obtained with the straight line stretcher with those obtained

with the trombone line stretcher. The results of this test

are shown in Table I.

TABLE I

COMPARISON OF PROBE CONSTANTS OBTAINED WITH
TROMBONE AND STRAIGHT LINE STRETCHERS

Frequency Trombone Straight

(Gc) Line Stretcher Line Stretcher

3.0 45.5 db 46.4 db

4.0 43.8 db 44.1 db

7.7 42.8 db 43.1 db

8.2 40.7 db 40.5 db

It can be seen from this data that the error introduced by the

trombone line stretcher is less than I db.

In the third test, a predominantly TE1 0 field pattern

was launched in the S-band waveguide and transmitted through

the straight line stretcher. The relative electric-field ampli-

tudes coupled by the top-and bottom-wall probes were then meas-

ured. This test was repeated after the straight line stretcher

had been replaced by the trombone line stretcher. The results

of these tests are shown graphically in Figure 3. The greater

irregularity of the field plots taken with the trombone line

stretcher installed show that more mode conversion does take

place with this line stretcher than with the straight line

stretcher. The presence of some additional modes was also

indicated by the dependence on the line length of the average

of the power coupled by the probes. It is significant that,

8
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using the error-term averaging technique, the constants in the

third column in Table I agree within 1 db with the correspond-

ing constants in the second column.

3. TAPER

The taper transforms the fields from the standard

size waveguide (S-band) to the enlarged waveguide with very

little reflection and mode conversion.

Because the description of the field in the non-

uniform (tapered) waveguide is basically different from that

in a uniform waveguide, the generation of some higher-order

rectangular modes i- ,inavodahle. However. for gradual tapers,

the fields in the nonuniform region differ only slightly from

those in the uniform rectangular guide so that mode conversion

is low.

When the accuracy of the system is considered, mode

conversion near the large end of the taper is more detrimental

than that occurring at the small end. This is because propa-

gating modes generated near the small end have their cut-off

f'reque.icie- reduced by :early the same factor as the cut-off

frequencies of the modes present In the standard-size guide.

However, propagating modes generated near the large end of

thc taper may be near their cut-off frequencies in the large

guide and, thus, will have a more serious effect on the accu-

racy of the system (Appendix III).

In' terms of a mode-conversion distribution function,

it is desirable to weight the function so that it favors low-

mode conversion near the larger end of the taper.

During the course of this program, four tapers were

fabricated--three linear tapers 7.1, 20, and 36 inches long,
and a nonlinear, taper 36 inches long. All the tapers have

9



transverse dimensions of 5.81 by 8.52 inches at the large

end to mate with the fixed-probe section. The contour of

the nonlinear taper was designed so that the raue of change

of the phase constant is zero at both ends of the taper

(reference 4 and Figure 4). The maximum rate of change of

the transverse dimensions occurs at a distance one-third of

the total length (12 inches) from the small end.

The tapers were evaluated by launching a TE10 mode

at 3.8 Gc in the small end and measuring the relative field

strengths at the fixed-probe locations in the enlarged wave-

guide. By comparing the measured field strengths with those

computed for a TE mode, the effectiveness of the tapers

could be estimated. The enlarged guide was terminated in a

matched load. The results of these measurements are shown

in Figure 5. It can be seen that the nonlinear taper trans-

forms the TE1 0 mode from the S-band guide to the enlarged

guide with the least amount of distortion.

The nonlinear taper fabricated for the final equip-

ment has small end dimensions of 2.98 by 1.48 inches to mate

with the output of the trombone line stretcher. The walls

of the taper were reinforced with angle iron to prevent bulg-

ing of the taper walls when the power-measuring equipment is

pressurized.

4. FIXED-PROBE SECTION

The fixed-probe section consists of an enlarged

section of waveguide with internal transverse dimensions of

5.81 by 8.52 inches. Mounted on this enlarged waveguide are

two sets of short electric probes; each set contains 36 probes.

The inner tr'nsverse dimensions of the enlarged

waveguide Were chosen on the basis of two criteria. The first

criterion was that the phase constant of all modes in the

enlarged guide should be sufficiently close to the free-space

10



phase constant so that the error caused by this condition

would be less than 0.25 db. Taking the worst case, a mode

at cut-off in the S-band guide, equation !II-il in Appen-

dix III, requires that the cut-off frequency be reduced by

a factor of 3. Hence, the transverse dimensions of the

enlarged guide must be at least three times those of the S-

band guide. The second criterion that was applied to the

choice of the transverse dimensions was that the wave imped-

ance of the enlarged guide should be equal to the wave imped-

ance of the TE mode in S-band waveguide at the center of

S-band.

7 p Pn 1a"'On of hee rit-er1a .resulted in a

wide dimension of 8.52 inches (three times the width of S-

band guide) and a narrow dimension of 5.81 inches (4.34 times

the height of S-band guide).

The choice of the length of the insertion of the

probes is a compromise between two factors: small insertion

to minimize field perturbations and large insertion to

increase the sensitivity of the system and permit measure-

ment of low power levels. The insertion length of the probes

in the final equipment is 0.135 inches, giving a decoupling

that varies from 51.1 db at 4.3 Gc to 45.2 db at 9.755 Ge.

The increase in. coupling with frequency is caused by the

increase in the electrical length of the probes as the fre-

quency is increased. System sensitivity is discussed in more

detail in Section G.

The diameter of all the probes is 0.105 inches with

a full radius at the tips to increase the breakdown voltage.

The fixed-probe section was tested at peak power levels up

to 3.1 megawatts with no indication oif breakdown. A typical

probe, which is somewhat shorter than the probes used in the

final equipment, is shown in Figure 6.

21



To simplify the bandwidth requirement of the probe

sampling commltators, two sets of probes are used--one, from

3 to 4 Gc and the other, from 4 to 10 Gc.

5. IJLTTIMODE HIGH-POWER LOAD

A high-power load, which is a good match for all

possible modes, is required to terminate the fixed-probe sec-

tion. A mismatched termination causes a partial standing wave

in the enlarged waveguide. Depending on the phase length

between the mismatch and the probes, the indicated power can

be greater or less than the true power.

The shape of the load is a hollow pyramid with the

base toward the transmitter. The material is an epoxy-ircn

mixture with the proportion: 5 parts of iron to 1 part of

epoxy. The load waveguide has the same transverse dimensions

as the fixed-probe section waveguide. The length of the load

is 36 Inches.

With the hollow-based pyramid configuration, the

part of the load nearest the transmitter is in contact with

the walls of the waveguide. This is ideal for heat transfer

because this portion of the load dissipates the greatest

amount of power.

Dominant mode SWR tests of the load were made by

terminating the large end of the nonlinear taper with thc load,

connecting a slotted line to the S-band end of tue taper, arid

sliding the load. In the 2.7 to 4.0 Gc range, the maximum

SWR of the load is 1.008. At 9.755 Go, an estimate of the

load SWR was obtained by measuring the average of the power

coupled by the probes with the load at several different dis-

tances from the probes. The ratio of the maximum average to

the minimum average was 0.2 db--a direct measure of the error

which could occur in an actual power measurement. An S-band

high-power doorknob was used as the launching structure to

provide a multimode field. The maximum-to-minimum ratio of
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0.2 db corresponds to an apparent SWR of 1.02. klthough the

true SWR for a particular mode could be higher than 1.02,

this value, obtained at 9.755 Gc, and the low SWR obtained

between 2.7 and 4.0 Gc indicate that the load is a good multi-

mode absorber.

The temperature rise of the load without cooling

fins, measured at an incident power level of 117 watts (aver-

age), was 27°F (maximum). The maximum temperature capability

of the eqoxy-iron mixture is 500 to 600 F.

Cooling fins and a supporting framework have been

added to the waveguide that contains the load. Without forced-

air conling, the Fins (tota] g 4600 square inches of surface)

can dissipate 3 kw at 1760F (reference 5). By operating the

load at 276°F, dissipation can be increased to an average

power of 5.4 kw. The dissipation can be increased to 10 kw

by cooling with a forced air flow of about 1000 cfm (refer-

ence 6).

6. PROBE-SAMPLING COMMUTATORS

To make the fixed-probe power-measuring equipment

capable of furnishing power-spectrum data rapidly and con-

veniently, automatic and continuous probe-power sampling and

averaging circuits have been incorporated in the final equip-

ment. The theoretical considerations involved in automatic

probe-power sampling are analyzed in Appendix IV.

Two commutators have been fabricated--one covers

the range from 3 to 4 Gc and the other, from 4 to 10 Gc. A

typical commutator is shown in Figure 7. Each of the 36

stators is connected to a probe on the fixed-probe waveguide.

The rotor is a choked noncontacting type and is motor driven

so that the power coupled by each of the 36 probes is contin-

uously sampled.
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Transmission through a typical segment of the 3 to

4 Gc commutator as a function of the rotor angle in relation

to that segment is shown in Figure 8. At 5 degrees, the rotor

is midway between two stators, and it is at this point that

adjacent transmission curves overlap. The lowest crossover

occurs at 3.5 Gc, where the transmission is down 12.8 db.

This is more than adequate because the averaging amplifier is

designed to respond only to the highest amplitude pulse that

occurs during the time that the rotor sweeps past a stator.

The rotation speed of the rotor is 29.5 rpm. At

this speed, at least five transmitter pulses will occur in the

time that it takes the rotor to move from the +5 degree cross-

over to the -5 degree crossover at a PRF of 100 pps.

in deriving the average of the power coupled by the
probes (Appendix I), the powers coupled by the broad-wall
probes and the powers coupled by the narrow-wall probes were

averaged separately. In the initial testing, the probe power
was sampled manually, and the separate averaging presented no
problem. However, in the automatic averaging, the separate

averaging complicated the instrumentation. This problem could
have been eliminated entirely by redesigning the fixed-probe
section to have equal numbers of broad- and narrow-wall probes.

However, an analysis of the error caused by averaging all
probes together was made, and it was found that the maximum

error likely to occur was +0.37 db (Appendix V). The original

design of the fixed-probe section with 22 broad-wall probes

and 14 narrow-wall probes has, therefore, been retained in the
equipment. The mounting of the two commutators and the

magnetic trigger geunerator in the probe-sampling unit is

shown in Figure 9.

7. RECEIVER

The required sensitivity of the detector used to
detect the RF field coupled by the probes is governed by the
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power levels that the equipment must measure. Since the equip-

ment developed on this program was required to detect very low-

level spurious emissions, a microwave superheterodyne receiver

was required.

Several comm ,,ial microwave field-intensity receiv-

ers were evaluated. A6 a result of this evaluation, an Empire

Devices Model NF-112 receiver was purchased.

The noise figure for the NF-112 is 22 db in the 3

to 10 Gc range. This is a high noise figure when compared with

noise figures of less than 10 db,.which are easily attainable

in a fixed-tuned receiver. The higher noise figure of the tun-

able field-intensity receivers is probably caused by tracking

errors between the elements of the preselector and between the

preselector and the local oscillator and by the very - 7h 7F

zhat is used.

The high receiver noise figure raises the lower limit

of the spurious power that can be measured with a given amount

of probe decoupling. The relationship between the upper limit

of the power-measurement error and the noise-figure bandwidth

product of the detector is derived in Appendix VI. Figure 10

is a plot of the upper limit of the measurement error versus

the power lev I calculated for a 22-db noise figure, receiver

bandwidths of 1 and 5 Mc, and a probe decoupling of 40 db.

A decrease in the upper-limit error for a given power

level, or a decrease in the power level for a given error, can

be accomplished by (1) decreasing the receiver bandwidth, (2)

increasing the probe-coupling, or (3) decreasing the receiver

noise figure.

Decreasing the receiver bandwidth can introduce two

sources of error--one caused by the frequency instability of

the spurious emission and the other by the amount of sideband

power for narrow pulses. The frequency instability problem is

magnified because commercial microwave receivers do not have
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an effective AFC circuit for pulsed signals. Greatly

increasing the probe coupling has the disadvantage of field

perturbation and decreased power-handling capability. How-

ever, the coupling can probably be increased to 30 db with-

out incurring any difficulty.

The best solution is to decrease the overall noise

figure of the receiver. Table II shows the improvement in

minimum-power detection level that can be obtained by using

a state-of-the-art parametric amplifier as a preamplifier and

placing it ahead of a 22-db noise-figure receiver.

TABLE II

MINIMUM POWER DETECTION LEVELS USING
A PARAMETRIC AMPLIFIER AS A PREAMPLIFIER

Improvement
Parametric Amplifier in Receiver

Frequenc Range Gain Noise Figure Sensitivity(GOc (db) (db) (db)

2 to 4 20 3.0 18.4

4 to 7 20 4.5 15,5

7 to 10 20 5.5 14.8

8. AVERAGING AMPLIFIER

The averaging amplifier takes the video pulses from

the receiver, which is a linear voltage detector, and produces

an output current that is proportional to the average of the

peak power coupled by the 36 waveguide probes. The circuit is

a modification of the boxcar detector described in reference 7.

Figure 11 is a block diagram of the circuit.

The output of the receiver is a continuous train of

video pulses whose widths are approximately the same as those

of the transmitted pulses. Because the commutator rotor
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sequentially samples the voltage coupled by each probe, the

amplitudes of the video pulses from the receiver will be pro-

portional to the voltage coupled by each probe and amplitude-

modulated by the transfer function of the commutator.

The input circuit of the averaging amplifier is a

voltage-suaring circuit whose output is proportional to the

square of the input voltage and, therefore, to the power cou-

pled by the probes.

The squared video pulses from the squaring amplifier

are shown as a function of the commutator rotation angle in

Figure 12 (a TE mode has been assumed).

The solid vertical lines represent the pvlses. The

envelope (dashed lines) of each set of pulses is directly pro-

portional to the transfer function of one commutator segment.

Since the transfer function is unity when the rotor and stator

are aligned (assuming an ideal commutator), the voltage of the

video pulse at the peak of each envelope is directly propor-

tional to the power coupled by the probe connected to that

segment of the commutator. The envelope of the peaks, there-

fore, is directly proportional to the square of the electric

field along the waveguide walls.

Following the squaring amplifier, the pulses are

amplified by a three-stage video amplifier (Figure 11). This

amplifier provides 29 db of gain to overcome voltage drops

that occur in the peak-reading and charge-transfer circuits

and to provide a conveniently measurable output current.

A capacitor in the peak-reading circuit charges to

the highest pulse voltage that occurs during a commutator-

segment sampling interval (56.5 msec). At each 10-degree

commutator crossover point (Figure 12), a pulse, from a mag-

netic pulse generator synchronized with the commutator,

triggers the charge-transfer circuit and transfers the peak

voltage from the peak-reading circuit to the charge-storage

circuit.
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The resulting voltage across the charge-storage

capacitor is shown in Figure 13. A jack for observing the

sampled waveform on an oscilloscope has been provided on

the front panel of the averaging amplifier. This waveform

can be considered to be composed of a series of rectangles

with equal base widths and with heights directly propor-

tional to the power coupled by the associated probe. If

the waveform of Figure 13 is represented by a Fourier ser-

ies, the DC term is given by:

V A
average- W

where

A = area under the curve,

W = base of the curve.

Using the rectangle interpretation of Figure 12,

Vn LQ N

_ n~l- _ L V (2)
average NLQ n=1 n

where

N= 36.

Since the Vn are proportional to the peak power

coupled by the probes, Vaverage is proportional to the average

of the peak power coupled by the probes.

The next to last circuit in the averaging amplifier

is a cathode follower that has a load impedance with a very
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long time constant (Figure 11). Because of this time constant,

the cathode follower responds only to the DC term in the

Fourier series representation of the output from the charge-

storage circuit.

The long time-constant load impedance Is DC coupled

to the output cathode follower, which drives the current read-

out meter. The output current is, therefore, proportional to

the average voltage given by cquation 2, which, in turn, is

proportional to the average of the peak power coupled by the

probes. Two time constants, long and short, selected by a

front panel switch have been provided. The short time con-

stant is convenient when adjusting the line stretcher. The

long time constant is used when making a power measurement.

The averaging amplifier chassis is shown in Fig-

ure 14.

9. PACKAGING

To facilitate transportation, setup, and operation,

the final equipment was divided into three major units: (1)

trombone line stretcher, (2) fixed-probe section, multimode

load, and probe-sampling unit, and (3) instrumentation.

Units 1 and 2 are mounted on separate carts. When

the equipment is assembled for operation, the taper is con-

nected between the carts. Both carts have provisions for

adjusting the heights of the waveguide components to facil-

itate flange alignment. The assembled waveguide components

are shown in Figure 15.

The pulse instrumentation, consisting of the

receiver, averaging amplifier, and power supplies, and the

control panel, consisting of the line stretcher controls,

readout meter, and main power switch, are mounted in a stand-

ard 19-inch relay rack. A drawer for cables has also been

included. Figure 16 shows the control panel. The complete

relay rack is shown in Figure 17.
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10. EXPERIMENTAL RESULTS

Extensive experimental testing of the fixed-probe

equipment was performed in the 3 to 10 Gc frequency range.

A variety of launching structures was used to test the equip-

ment with both simple and complex modal configurations. Typ-

ical examples of the tests performed follow.

a. TE1 0 Mode

A TE1 o mode was launched in the S-band waveguide at

4.3 Gc using a conventional coaxial-to-wavefrulde adapter. The

power, P, in the waveguide was computed with a correction for

the reflection loss at the adapter. The power coupled by the

probes was averaged Lo obtain Pp, and a calibration constant

.was determined from:

C
p Pp

The measured electric-field amplitudes at the top-

wall and bottom-wall probes are shown in Figure 18. The top-

wall and bottom-wall iields differ because of the presence of

some higher-order modes. These were generated by either the

load or the taper. (This data was taken early in the program

using a linear taper and an Eccosorb load.) The side-wall

electric-field maximum was 26 db below the top-wall maximum.

Appendix VII shows that a side-wall maximum which is small

in relation to the top-wall maximum can cause the top-wall

and bottom-wall fields to differ appreciably.

The TE1 0 calibration constant, Cpl O , was computed

from the data and found to be 14.6 v 104 (51.6 db).

Changing the length of the S-band waveguide did not

.hange the field configuration. This indicates that, since

the S-band guide would be dispersive for any modes that could

propagate at 4.3 Gc, a small amount of higher-order mode power

was generated in the enlarged waveguide.
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b. TE2 0 Mode

A TE20 mode was launched in the S-band waveguide a.

4.3 Go using a waveguide mode launcher. This consisted of a

sectinn of S-band waveguide with two probes projecting into

the guide from opposite broad walls (Figure 19). The probes

carried equal-amplitude and equal-phase signals and were

placed at positions corresponding to TE2 0 maxima in the S-

band waveguide. The measured data is shown in Figure 20.

Distortion is caused by a small side-wall contribution as

discussed in Appendix VII.

The TE2 0 calibration constant, Cp2 0 , was found to

be 18.1 x 104 (52.6 db). Changing the line length of the S-

band waveguide resulted in a peak-to-peak variation in the

constant of 0.2 db.
c. Simultaneous TE1 0 and TE20 Modes

TEo and TE2 0 modes were launched simultaneously at

4.3 Gc using the mode launcher and measurements were made with

several different lengths of S-band waveguide. P and Pp were

measured for each dispersive length of S-band guide.

.The measured plots are shown in Figure 21. It should

be noted that the field pattern changes as dispersive sections

of guide are added. This is to be expected because there are

at least two propagating modes in the S-band guide. The cal-

culated calibration constants are as listed in Table III.

21



TABLE III

LENGTH OF DISPERSIVE SECTION VERSUS
CALIBRATION CONSTANT (C p 0 and Cp20)

Length of Calibration Constant
Dispersive Section (C

(inches) _ CpI0, 20 )

16 19.0 x i0

18 20.3 x 1O4

20 15.7 x 104

This is a peak-to-peak variation of 1.1 db.

Summarizing all the measurements at 4.3 Gc, the

-arim:ca in the probe constant for three types of propagating

modes--TE10 , TE2 0, and mixed TE1 0 and TE 20 --is +0.7 db. This

indicates that the probe constant is independent of the par-

ticular modal power distribution at 4.3 Gc. Up to 4.41 Gc,

only the TE1 0 and TE2 0 modes can propagate in S-band wave-

guide.

d. Multimode Propagation

The variation of C was investigated with multimodeP

propagation. A frequency of 7.0 Gc was chosen. At this fre-

quency, propagation in the following modes is possible: TE10 ,

TE2 0 , TEo0 , TE1 , TM 1I, TE21 , TM21 , and TE A center-fed
201 0, 11 L 21 215 30'

electric-probe coaxial-to-waveguide transition was used as

the launching structure and the electric field was plotted

for several dispersive lengths of S-band guide. The field

plots are shown in Figure 22. Since several modes are propa-

gating, the field pattern changes as the S-band guide lengt'

is changed. The calibration constants are shown in Table I..
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TABLE IV

LENGTH OF DISPERSIVE GUIDE VERSUS CALIBRATION CONSTANT

Length of
Dispersive Guide

(inches) Calibration Constant

16 4.56 x lo

17 5.95 x 104

18 6.00 x 1O
4

19 4.22 x 104

21 5.98 x 10 4

22 6.50 Y 104

Despite the large variation in the field configura-

tion with dispersion, the maximum variation in the probe con-

stant is less than +1 db.

Although the frequency is high enough to permit the

propagation of the EO1x E 21 x error term (equation 1-16 in

Appendix I), the small variation in the probe constant indi-

cates that its amplitude is negligible.

The sources of error in this data are variations in

the probe'couplings and mode conversion by the taper and load.

In the fixed-probe section developed for the final equipment,

the couplinp: of the individual probes was carefully adjusted

to +0.1 db.

e. Tests at 9.755 Gc

The initial calibration at 9.755 Gc was obtained

with a single electric-probe launching structure. The probe

was located in the center of the broad wall of the S-band

waveguide.

To improve the precision of the calibration, only

relative power measurements were made. The equation govern-

ing this method of calibration can be obtained by solving
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equation 1-15 (Appendix I) for the ratio of true power in the

waveguide to the average of the power coupled by the probes.

The result is:

P-cP

p p

The error terms, C, are a function of the length of the line

stretcher.

For each length of the line stretcher, the quantity

P/Pp was measured, and the data was plotted (Figure 23A). The

dependence of P/Pp on the length of the line stretcher shows

that error terms are present.

Averaging the absolute maximum and minimum values

over the interval of measurements yields a calibration con-

stant of 0.573 x l05 . Hence, at the calibration frequency of

9.755 Gc, the power in the waveguide, P, is given by:

P = (0.573 x 105) p
p

or

P = P + 47.6 dbm
P

where P is expressed in dbm.P

To check the accuracy of the system under conditions

simulating an actual transmitter, a conventional high-power S-

band doorknob coaxial-to-waveguide transition was used as the

launch;ing structure and the calibration procedure was repeated.

The resulting data is shown in Figure 23B.

The period of the error term caused by the simul-

taneous presence of the TE1 1. and TE 31 modes is 12.4 cm at

9.755 Gc. The data shows that this error term is predominant..

However, the fine structure in the plotted curve indicates the
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presence of additional error terms at lower amplitudes. The

fact that modes with odd indices predominate is consistent

with the symmetry of the doorknob launching structure.

Averaging the absolute maximum and minimum yields a

constant of 0.540 x io5 or 47.3 db.

This result indicates that, using the initial cali-

bration constant, the power measured at 9.755 Gc with the

doorknob transition would be higher than the true power by

0.3 db. This result is particularly significant since the

doorknob launcher produces mode patterns which closely simu-

late the higher-order modes that would be encountered in

measuring the spurious emissicn of an actual transmitter.

The way in which these measurements were made, using relative

power, and the care which was used, all sources of experi-

mental error greater than 0.2 db were eliminated, make this

measurement indicative of the ultimate accuracy attainable

with the fixed-probe equipment under carefully controlled

conditions.

11. CALIBRATION

The final fixed-probe equipment was calibrated in

two stages--first, the averaging amplifier and receiver,

and second, the combination of probe coupling, commutator

insertion loss, and cable insertion loss.

The averaging amplifier and the receiver were cali-

brated by supplying a pulsed signal from a calibrated signal

generator to the input of the receiver. The detected video

pulses from the receiver were connected to the input of the

averaging amplifier. The input signal levels were high enough

to ensure at least a 20-db signal-to-noise ratio for the low-

est amplitude calibrating signal.

For constant amplitude pulses, the average peak sig-

nal amplitude is equal to the peak signal amplitude. Pulsed

signals of known peak amplitude can be obtained from standard

calibrated signal generators.
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Since the average of the peak signal amplitude is

equal to the peak signal amplitude in this setup, the pro-

portionality between the current output of the averaging

amplifier and the average peak input signal can be obtained.

The data that was taken was the RF output amplitude of the

generator versus the output current of the averaging ampli-

fier. This calibration curve is shown in Figure 24. The

constant 20-db attenuation has been subtracted to adjust the

calibration for the maximum sensitivity range of the receiver

(O-db input attenuation).

In an actual power measurement, the current indicated

on the readout meter is noted, and, using the calibration curve

of Figure 24, the corresponding input power is obtained. Any

attenuation present at the input of the receiver is added and

the sum is the average of the power coupled by the probes.

This calibration is not frequency-sensitive because the sensi-

tivity of the receiver is standarized at any frequency by the

internal impulse calibration.

The combination of probe coupling, commutator

insertion loss, and cable loss was calibrated by feeding a

known amount of power into the S-band guide through a stand-

ard coaxial-to-waveguide transition. Dominant mode transitions

were used at frequencies above 4 Gc, and short linear tapers

were used to transform from the transition to the S-band input

guide of the fixed-probe equipment.

Dominant mode transitions were used to avoid the

generation of error terms and thereby simplify the cali-

bration procedure. The resulting calibration curve is

shown in Figure 25.

The frequency sensitivity of the curves is due pri-

marily to the high SWR "seen" looking into the coaxial side of

the probes interacting with mismatches "seen" looking into the

commutator. This is particularly cvident in the 3 to 4 Gc
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band where the insertion loss of the probe cables is low.

At the higher frequencies, the insertion loss of the probe

cables provides isolation between the probes and the commu-

tator and the variation in the curves is due only to the

natural frequency sensitivity of the probe coupling and the

variation with fri.quency of the commutator insertion loss.

In the 3 to 4 Gc band, calibration points were

taken at 50-Mc intervals. From 4 to 10 Gc, the calibration

points were taken at 200-Mc intervals. These calibration

intervals were arrived at by calibrating at successively

smaller increments until intermediate spot-checked fre-

quencies showed good agreement with the curves.

12. MULTIMODE POWER FLOW WITH MISMATCHED TERMINATIONS

The fixed-probe equipment developed on the present

contract measures the spurious-emission power transferred

into a matched load. This is useful for testing transmitting

systems with standardized load conditions and for the deter-

mination of their emission spectra as a function of controlled

mismatches inserted between the transmitter and a matched

load. For this type of measurement the power measuring equip-

ment would be inserted between the mismatch and the matched

load.

In an operational system, however, consideration

must be given to the fact that the antenna is a mismatched

load impedance outside the intended range of operation. This

section describes modifications to the fixed-probe method

that will make it capable of measuring the spurious-emission

power transferred to an arbitrary multimode mismatched ter-

mination. Three methods of measurement are considered: the

first two are exact; the third is an approximate method.
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a. EXACT METHODS

The fixed-probe equipment can be adapted to measure

the spurious-emission power absorbed by a mismatched load by

varying the phase of the reflected wave at the plane of the

measuring probes. It is shown in Appendix VIII that, by

varying this phase, the power coupled by the fixed probes is

equal to a constant plus a sinusoidally varying function of

the phase length. By taking the arithmetic average of the

indicated power for a half-wavelength phase variation, an

equivalent power Pa is obtained:

Pa = PM + PR (3)

where

PM = power that would be absorbed by a matched load

PR = total reflected power from the multimode mis-
matched termination

The power absorbed by a mismatched load PT is given

by

PT = PM - PR (4)

Eliminating PR from equations 3 and 4 gives

PT = 2PM - Pa (5)

The right side of equation 5 consists of two measure-

able quantities and, therefore, the power PT absorbed by the

mismatched load can be determined. In the actual measurement

procedure, the necessary phase variation of the reflected

wave required to determine Pa can be obtained by measuring
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the power coupled by three sets of probes located at three

different cross sections along the axis of the oversize wave-

guide. This measurement is made with the normal system ter-

mination in place. The power PM is measured with the multi-

mode matched loading terminating the system. The power PT

absorbed by the antenna can then be computed with equation 5.

Figure 26 is a diagram of the equipment.

A more direct approach to the problem of measuring

the power absorbed by a mismatch is to use directional cou-

pling rather than the non-directional probes used in the pres-

ent equipment. Directional coupling can be done with pairs

of holes or pairs of probes. Using this technique the inci-

dent and reflected powers are measured directly and the trans-

mitted power is simply the difference between the two. This

approach has the advantage that the normal system termination

(antenna) is never removed and continuous monitoring is, there-

fore, possible.

b. APPROXIMATE METHOD

The approximate method eliminates the need for making

measurements with a matched load as required by the first

exact method. Instead of computing the average power from the

three sets of' probes, the geometric mean P, of the maximum

and minimum is computed.* The value of' Pg given by

Pg = Pmax Pmin (6)

* This was suggested by S. Cohn of ECAC.
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is approximately equal to the power absorbed by the mismatched

load. For SWR's of 3 and 10, the error would be 1 and 6 db,

respectively. This degree of accuracy may be acceptable for

many applications.

The equipment for the approximate-measurement method

is identical with that required for the first exact measure-

ment method with the exception of a iultimode matched load.

Both methods require making power measurements for different

phases of the load-multimode reflection coefficients.

Instead of using three sets of probes and additional

commutators to obtain the refleclion phase variation, an addi-

tional line stretcher could be used either in the oversize

waveguide or in the standard-size output waveguide.
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C. MOVABLE-PROBE METHOD

The movable-probe me thod measures multimode power

flow by directly integrating the square of the electric field

amplitude over a plane transverse to the direction of propa-

gation in an enlarged section of waveguide. Measurements of

the electric field amplitude are made with a movable probe.

This section describes the theory of operation, the

equipment developed, and the experimental results obtained

with the movable-probe equipment.

1. THEORY OF OPERATION

a. General

The movable-probe method, measuring power inside a

waveguide by directly integrating the electric field-strength

measurements, uses a movable probe in a raster-type scan. It

has an advantage over fixed-probe waveguide methods in that

error terms are not present in the integrated power. The

probes must be made small, however, to avoid generating spuri-

ous modes. The method described on the followingpages is for

rectangular waveguide; it can be adapted for coaxial line.

b. Basic Principle

The movable-probe method is based on the expression

for the incident-power flow in a rectangular waveguide.

Appendix III derives this expression by integrating the

Poynting vector.

Generally, the phase and magnitude of the quantities

E aE EEEx, E, L ' -z Z and - must be measured over the

entire x-y plane to obtain the data for performing the desired
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integration. The operation is quite complex and is not

considered to be within the scope of this investigation

because it necessitates the use of a computer.

A considerable reduction in complexity can be

achieved by taking the measurements in a waveguide with an

enlarged cross section that is inserted in the transmission

line (Figure 27A). The enlarged waveguide is about three

times as wide and three times as high as the transmission-

line waveguide to which it is connected by tapered transi-

tion sections. The taper of the transition sections is

very gradual to avoid generating additional modes.

The effect of the enlarged waveguide is to make

the z-axis propagation constant independent of mode (TE or

TM of any index); the propagation constant approaches that

of free space. This permits the substitution of

where

-) = radian frequency

= permeability of dielectric within the waveguide

= permittivity of dielectric within the waveguide

for the derivative operator

The enlarged waveguide markedly reduces the values

of - -- and a--- to the point where they can be neglected.

These simplifications result in an expression,

derived in Appendix III, for power flow that is approximately

S -fb fa (Ex12 + IEyl 2  dx dy (3)

In Appendix III, it is shown that the maximum error is 6 percent.
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Equation 3 forms the basis of the movable-probe
method. By using sampling probes whose output is proportional

to the electric field strength, it is possible to determine

P by having two probes, one sampling Ex and the other, Ey

(Figure 27B). Each probe is moved in a raster-scan--that is,

it scans the x-axis at discrete vertical levels. Scanning

at about ten levels should be adequate to integrate the fields

accurately. This method is similar to that for determining

spurious power from free-space field measurements, but it is

accomplished in a fully shielded waveguide.

2. TAPER

The requirements for a tapered waveguide transition

section between the standard-size guide and the oversize

guide are identical with those of the fixed-probe method.

Three lengths of linear tapers, 7.1, 20, and

36 inches and a 36-inch nonlinear taper were used during

this phase of the program.

3. ENLARGED WAVEGUIDE SECTION

The design considerations for the enlarged waveguide

section are the same as for the fixed-probe method.

An additional requirement of the enlarged guide
used with the movable-probe method is that the top broad-wall

and one narrow-wall must be slotted and machined to permit the

insertion of E. and Ey probes and to provide bearing surfaces

for the probe carriages.

4. PROBE AND CARRIAGE ASSEMBLIES

Each of the two probes samples a component of the

transverse electric field in the enlarged waveguide. The

probes are identical except for the length of their 1/8-inch-

diameter coaxial cables (Figures 28A and 28B); the coaxial cable
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of the probe that is to be inserted through the narrow wall

of the enlarged waveguide is 1-3/8 inches longer than that

of the other probe. (Both probes must be able to reach half-

way into the waveguide, and the distance from the narrow wall

to the waveguide center is greater than the distance from the

wide wall.)

Although both probes are capable of insertion only

halfway into the guide, it is possible to probe the full

cross-section by rotating the enlarged waveguide section

180 degrees around its longitudinal axis. By limiting the

probe insertion to 50 percent, the voltage breakdown problem

is greatly alleviated.

Two basic types of probes were tested--unbalanced

and balanced. The first unbalanced probe tested was simply

a piece of rigid coaxial line with the center conductor

extending a short distance beyond the shield.

The coupling of this probe was found to be strongly
dependent on the length of the outer conductor within the

waveguide. An artificial ground plane was added to this probe

to reduce the effect of currents induced on the outer surface

of the coaxial shield (Figure 28A). Although this was an

improvement over the first probe, it was not entirely satis-

factory.

The first balanced dipole probe, shown in Fig-

ure 29, was designed in accordance with the principles out-

lined in reference 8. The TE1 o mode was launcher in the

S-band waveguide and electric-field measurements were made

in the enlarged guide using this probe. The experimental

curve is compared with the theoretical curve for one-half of

the guide in Figure 30.

It can be seen that the measured points lie below

the theoretical points. On the basis of this result and
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because the slots in this type of probe made it impossible

to make field measurements closer than one inch from the

guide wall through which the probe was inserted, a second

balanced dipole was constructed.

The second balanced dipole probe (Figure 31) has

a balanced two-wire coaxial feed. For the initial testing a

Stripline® hybrid was used as the balanced-to-unbalanced

transformer. The TE field plot obtained with this probe

is compared with the theoretical curve in Figure 32. The

measured curve shows good agreement with the theoretical

curve. The data was then integrated numerically to obtain

the probe coupling constant from

K b a (4)

fo o (n2  X dx dy

To check the ability of the probe to make an accurate

power measurement with a different field configuration, a

TE 2 0 mode was launched.

The experimental curve and the theoretical curve

are compared in Figure 33. The data was then used to obtain

a second probe-coupling constant.

The second probe-coupling constant differs from the

first by only 0.44 db; this indicates that the probe-coupling

constant is essentially independent of the field configuration

and that this probe is capable of making accurate power meas-

urements when the field is predominantly m,O or O,n.

A further requirement of the probe was that it be

capable of measuring the electric field of one polarization

in the presence of another electric field with orthogonal

polarization. Tests indicated that the directivity of the

balanced dipole probe was poor. Another prube was then
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construcLed (Figure 34) whose supporting structure in the

vicinity of the probe is in the z-direction--the direction of

propagation. The advantage of this type of support is that

there is no field component parallel to the supporting struc-

ture, near the dipole because, in the enlarged guide, thc

prbpagating wave is nearly a plane wave. Wide-band baluns

were used with these probes (FigUre 34). The design method

for these baluns is given in reference 9.

To test the directivity of the probes, a TE mode
10

was launched in the S-band waveguide and the f1ild amplitude

waB measured with the E and Ey probes. For probes with

perfect directivity and an ideal TE mode, the response of
10

the E "probe would be zero, since this mode has no E compo-

nent. The measured-data are shown in Figure 35. If it is

assumed that there is no mode conversion in the system, the

difference between the E and the E plots in-db is a con-
y

servative measure of the directivity. From Figure 35, it

can be seen that the directivity is greater than 14 db except

when the probe is less than 2 cm from the side wall. A

similar test at"5.0 (Gc showed-that the average directivity

was about 14 db.

An estimate of the effect of imperfect directivity

on system accuracy can be obtained by assuming the presence

of only one electric field component in the waveguide. The

apparent power will be greater than the true power by the

amount of power coupled by the probe that is orthogonal to

the field. The error in db is then given by

'( +1-D

Error in db'= 10 log '(1 +100) (5)

where D is the directivity in db... With a directivity of

14 db, the maximum error-is 0.14"db. With both E and E

py
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field components present in the-waveguide, the error will

probably be less.

To check the overall accuracy in making a power

measurement, a standard S-band electric-probe coaxial-to-

waveguide transition was used as a launching structure at

5.0 Go. The output of the 2X and Hy probes as a function

of position in the .enlarged waveguide cross section was

obtained. The probe constant was found by numerically

integrating the data. The result gave a constant, K, of

0.1369.

The above .procedure was repeated-with the tran-

sition crods-guided to give a different field configuration.

For this case, the K obtained was 0.1358. The difference of

0.04 db between the two values of K i! icates the accuracy

that could be obtained in a power measu, , at.

The probes were.tested for breakdown by connect-

ing the enlarged waveguide directly to an S-band magnetron

through a nonlinear taper. The maximum peak power available

was 500 kw. At this power level, there was no indication of'

breakdown. Sliding the probes during the test had no effect.

On the basis of the increased thickness of the z-axis dipoles,

the breakdown power, 'without pressurization, is estimabed to

be about 1 megawatt.

5. MULTIMODE LOAD

The requirements for a multimode load for the

movable-probe method are identical with those for the fixed-

probe method and the same load can be usea with both methods.

The low-power testing of the movable-probe equip-

ment was done with a batt of Ecoosorb inclined about 45 degrees

toward the direction of propagation. The measured SW of this

configuration for the dominant mode was 1%.05.

37



D. FPE-SPACE METHOD

Three methods of measuring the radiated spurious

emissions of a microwave transmitter in free space were

investigated. These methods were: (1) a scanning dipole

probe, (2) a passive scatterer, and (3) multiple stationary

probes. This section discusses the theory and the res-ult7s

obtained in this phase of the program.

1. THEORY

The total power radiated by an antenna can be

determined by making measurements over a spherical surface

enclosing the antenna. Given the power density at all points

on the spherical surface, P(@,), the total radiatcI power is

given by

2 2TT

P= f J P(G,O) cos GdodG (6)
TT 0

Measurement of the power in this manner would require a com-

plete pattern range and pattern recording equipment.

For certain aperture distributions, the energy

radiated is contained in an area the size of the aperture

for a distance of D2/2x, where D is the aperture dimension

and x is the free-space wavelength. Thus, it is possible to

determine total power by measuring the radiated energy over

the aperture area only, thereby decreasing the pattern-range

requirements. It is now possible to use a probe to scan the

aperture in any plane from the aperture plane (z = o) to

z = D2 /2 and still obtain the total power radiated.
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If we let the transmission line (waveguide) taper.

gradually to an aperture of several wavelengths, the modal

distribution should remain unchanged at the aperture. If we

assume a power density of P(.x,y) at any point (x,y) in the

aperture, then

S

would give the total power radiated by the aperture. IfV we

have an aperture of width -a and height b, then

2 2

P ~ ~ )dxdy (8)
f f

The total absolute power can be determined by

integrating over the entire aperture. Since the aperture

distribution is general, a multitude of polarizations can be

propagated. To obtain the total amount of power radiated in

all polarizations, the power in only two orthogonal polariza-

tions need be detected. Thus,

P.(x'y A PH('x y) + P y(x,y) (9)

If a probe is used to measure the power radiated

by the aperture, the probe must be calibrated to determine
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the absolute power density. The power density (Pd) in the

aperture is determined by

P PP=Ar A e  rP (1o)
d -Aor A

d Ae ePd

where

Pr power received by the probe.,

A = effective area. of the probe.
e

To determine the effective area of the probe, the

received power in a field of known power density is measured.

By transmitting a known power into a horn that will support :i'

only the TE 1 o mode, the absolute power-density distribution

across the aperture is determined. The powei density in the

H-plane is given by P0 cos-,x/a) and is constant in the

E-plane. Thus

b a

2 2

PT~f Pol os 2 - dxdy (ii)

_b a*

Integrating,

abP
P (12)
T 2

or

2P T

(03)P = a b ( i 3

where

P = the total power transmitted, JI

P = the maximum power density at the center
0 of the aperture (x o, y = o).
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Thus, knowing PT' a, and b, P0 can be determined.

By then measuring the power received with the probe at the

center of the aperture, the effective area of the probe can

be determined from

P P
A r = (14)e Pd Pc

The results obtained with the three types of probes

are given in the following sections.

2. SCANNING DIPOLE PROBE

The electric-field measurernents were made with a

small dipole connected to a balanced transmission line to

minimize field perturbations and the effect of unbalanced

currents induced by the incident field.

Measurements were made at a single frequency with

the TE10 mode propagating in the S-band guide. With the

dipole and transmission line in a plane perpendicular to the

direction of propagation, the results differed by 0.5 db from

measurements made with the dipole and transmission line

parallel to the direction of propagation. In both cases, the

dipole was parallel to hy. The equipment setup is shown in
y

Figure 36. The experimentally determined power densities are

shown ' in Figure 37.

Separate power measurements were also made at 5.5 Gc
with TEo1 and TEO, propagation. The difference between the

measured powers was 0.2 db indicating that, using the probe

constant calculated from the TEl0 data, the power in the

TE 0 1 mode could be determin~d with an accuracy of 0.2 db.

Since It is possible to have modes with orthogonal

polarizations propagating, it is necessary to measure the two

components. This can be done by scanning the aperture twice
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with the probe orthogonal in both cases. It may also be

possible to use crossed dipoles and hav6 two outputs, one for

each polarization, and continuously monitor each or switch

rapidly between them while scanning.

An important factor in the sensitivity of the

scanning probe system is the degree of the coupling of the

probe to the. incident field. The coupling for a small

matched probe depends on the effective area of the probe

this, in turn, is proportional to the square of the wavelength.

Thus, the coupling will vary as a function of frequency at the

rate of 6 db per frequency octave. It is possible to use a

different probe for each octave, thus limiting the change to

6 db. However, 'to simplify the equipment, it is more desirable

to operate the probe over a wider band and calibrate the

coupling variation.

The coupling is lowest near the fundamental fre-

quency where the higher .powers are.to be expected and

increases with frequency. Thus, the sensitivity increases

as the expected output power decreases. The coupling at

5.5 Ge 'th the present experimental probe is about -30 db.

3. ROTATING SCATTERER

A technique for -measuring the field distribution in

the near field of an antenna used at Ohio State University

(reference I,) and in England (reference 11) was investigated.

This technique consisted of scanning the aperture of a wave-

guide hord with a scattering element. The element used was

a short thin metal rod mounted on a nylon string, The energy

scattered by the scattering element was received with a wave-

guide horn located away from the transmitting antenna. To

separate the scattered signal from the energy being radiated

from the transmitting horn, the scattered signal was modu-

lated by spinning the element at 1200 rpm. The element was
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spun about an axis perpendicular to the axis of the rod and

in a plane containing the vectors deslgnatinL the electric

field and the direction of propagation. A heterodyne receiver

was used to amplify and detect the received signal. At the

output of the receiver, a tuned AF amplifier was used to

amplify the detected signal. The output of the AF amplifier

was dependent on the power-density level at the, point at which

the scattering element:. was located. B' scanning the aperture

uf the transmitting horn With the scattering element, the

distribution of power density in the aperture was determined.

The total power transmitted was then found by integrating over

the aperture of the horn. To obtain absolute power, it was

necessary to calibrate the receiver as a wattmeter. The main

advantage of this method was that no transmission lines were

required in the aperture of the transmitting horn.

When measurements were made using this approach,

the distribution across the aperture was not that expected

for the TEl 0 mode. Tnstead, rapid variations occured in the

distribution. These variations were caused by the scattered

field reflecting off the waveguide walls. Previous experi-

menters were able to minimize the effects of these reflections

by .using a very short'scattering element and a directional

coupler in the waveguide of the transmitting horn to receive

the scattered signal.

For this task, the use of a directional coupler is

not feasible because the power to be measured will be in

waveguide capable of supporting higher-order modes. In addi-

tion, a directional coupler that responds equally to all

possible modes is beyond the state of the art. Also, the

energy in the different modes would depend on the location

of the scattering element in the aperture. F-inally, the

sensitivity of this system is below that obtainable with a

scanning, probe.
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4. MULTIPLE STATIONARY PROBES

The possibility of using a number of stationary

probes rather than a single scanning probe was investigated

because switching between probes can be accomplished more

rapidly than scanning the probe. To deflect the energy and

to furnish a termination for the transmission lines of the

probes, a ground plane was placed in front of the aperture

and tilted at a 45-degree angle. Dipole probes were Used in

the plane of the aperture with the transmission lines running

parallel to each other and perpendicular to the horn aperture

back to the ground plane. By sampling the energy at each of

these probes and integrating over the aperture area, the out-

put power can be obtained. The multiple-probe method intro-

duced several problems that were not solved., completely. After

the energy is reflected from the ground plane, the transmission

lines were orthogonal to one polarization only and, thus,

affected the other polarization. Also, the coupling between

probes was troublesome. If the number of probes is reduced,

both problems are alleviated somewhat but the accuracy is

degraded.

Another multip~le-probe arrangement used vertical

stubs mounted on the 45-degree ground plane. Since these

probes respond to only one polarization, the electric field

at the horn must be measured in two orthogonal positions.

Although this eliminated the transmission-line problem, the

coupling was still. troublesome, and probe responses were not

equal. Also, since the probes are not in a plane parallel

to the aperture, it is possible to obtain roneous informa-

tion because the measurements are being n uae in the near field

where the energy distribution changes as ik function of distance

from the aperture. If the aperture distri ution is known, it

is possible to compensate for this conditi',n i.
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E. CONCLUSIONS

The fixed-probe, movable-probe, and free-space

methods are capable of measuring multimode power with an
accuracy of +1 db or better. No computer services are

required for data reduction.

The fixed-probe method has three i j>'rtan advan-

tages. The first two advantages, inherently high power-

handling ability and small field perturbation, are the result

of the small amount of probe insertion and the use of over-

size waveguide. The highest power available for testing was

3.1 megawatts, and, at that level, no breakdown occurred.

The third advantage is that fixed probes can be readily

adapted to automatic sampling techniques. The fixed-probe
method has error terms in the expression for the probe coupled

power; however these terms are eliminated by using a line
stretcher in the standard-size guide. Although the emphasis

on this program has been the measurement of power into matched
loads, the fixed-probe equipment can be adapted to make meas-
urements of spurious emission power transferred to mismatched

loads.
The movable-probe method does not require a line

stretcher. However, the power-handling ability of this
method is less than that of the fixed-probe method because
the probe must be inserted at least half way into the enlarged

waveguide. The time required to make a power measurement is
longer than with the fixed-probe method since the probes must
scan the entire cross section of the waveguide. The movable-

probe method would be useful in an application where high
precision is a prime factor and speed and power-handling abil-

ity are of secondary importance.

Preceding Page-Blank
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The results obtained with a diLpole probe scanning

the radiation aperture indicate that this is the most satis-

factory method for measuring spurious-emission power in free

space. This method is also relatively slow because of the

scannir requi.rcment. Another disadvantage of the free-space

method is the radiation hazard when making measurements on

high-power transmitters.

Ih view of the advantageo of the fixed probe method,

the instrumentation required or' rapid and continuous spurious-

emission power measurements was developed. The probe-sampling

commutators and the averaging amplifier permit the multimode

spurious-emission power to be read continuously at any given

frequency. With the continuous tuning receiver, complete

spurious-emission spectrum measurements can be made. The

time required is less than 5 minutes per frequency.

A preliminary Investigation of the problem of

measuring the Spurious emission power radiated by a. mis.-

matched antenna indicates that the fixed probe equipment can

be modified to make such measurements.
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APPENDIX I

POWER FLOW IN RECTANGULAR :WAVEGUIDE IN. TERMS OF
POWER MEASURED BY. PROBES AT.THEBIOrNDARY

An expression i's derived f oli power flow in rectan-

gular waveguide as a function of the power measured by elec-'

tric probes located at the boundary of the guide in a'plane

transverse to the diredtion of pro-pagation-.

The poweV flow in an arbitrarily large 'rectangular
.wavegulde (Vigure I-1), as shown in Appendix-!I, is

p f b f a ( E 1 + l ~ 2  x d 1 1

where

intrinsic -Impedance--120TT for free space,

E,j E rrns values of x- :and y-componients of the electri~c
y field

Now, f rom.,the general theory of propagation in redtangular

waveguide,

M N
M7- 0 Cos rmx s n nTY-2

X n- mnx a

a nd

M N

E 1IE sin1* 2 -dos yl~
Y M=O nSO mny a b(-)



where Em' and E are the x- and y-components of the elec*-mnx mny
trio field of the mode whose indices are m,n. Substituting

equations 1-2,and 1;-3 into equation I-1 yields

rbra[(T X nry\F n - r
~ o~L~~Zn~ ~nx~~ sin -] \o z~ ~ nCOq a , + i

~~~~" 93 E2y2P i0 ~ si o dx dy (i)

When the integrations in equation 1-)4 are carried

out,. the result is

c' (i IE 2nX + MO lmyK M + (nxI2 rE4 15

The average. of the power coupled by a large number

of identical electric probes located on the periphery of a.

waveguide can be approximated by

*Asterisk indicates the complex conjugate.

1-2



, I-, Y4 y 1

+TJ 
i TJ

where 6 is a constant to be determined and

where

E =electric field in the waveguide at a probe
location,

E = electric field coupled by theprobe,'
pd

and-

2

When equations 1-2. and 1-3 are substituted in

equation 1'-6 and t~he integrations performed, the result is.

A comparison of equations I- and I .7 shows that,
the first two terms of equation 1-17 are very similar to the

power, P, in the waveguide.- Disregarding the second two terms

.of equation 1-7 momentarily and quefining

= Z x~ f2 lIE4

E% El Jm 2 + lEmny 2).I9

*Asterisk indicates the complex conjugate.
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the ratio of "CP to P is
p

CPp -5 (E'+ E)

if E is zero (no power in modes with neither m nor n zero),

the waveguidepower will be

P =CPp (b-@ 2(~l

Ip

If E is zero (no power. in modes with either m"or n zero), the

waveguide power will be

P =CP (6=i) (-12)p12

In general, the ratio of B to Ecan not be known

,exactly;_ however, a value of 5 can be chosen that will mini--

mize the error in

P = CpP (1-13)

where
Cp 5 C.

p-opt

This optimum value of 5, 6opt is chosen for the range of
IV / 

.i

E /E that is expected in practice.. If it is assumed that the

range of E"/E' is from 0 to 2, then*

5op t = 0.612 (i-1l)

* 5o has been calculated by the method used in Appendix V.
opt



Using this value for 8,. the maximum error for the

range from 0 to 2 is +0.88 db.

Data on the modal power distribution of two magne-

trons is quoted in reference 12. The first case is the third

harmonic of an S-band magnetron, where E "/E' is 0.126.

Using 6 0.612, the error would be -0.63 db. The second

case is the fifth harmonic of an L-band magnetron, where

E /El is 1.37. Using the same 6opt, the error would be

o.60 db.

With equation 1-13, the first two terms of equa-

tion I-8 may be identified as P/Co, and equation 1-13 then

become s

+ (1-15)
p

where e represents the remaining terms in equation 1-7. The

terms in& are error terms, since they cause the power computed

from equation 1-14 to differ from the waveguide power.

The first error term is

1..- IollE 2 j eos ± + - m) f ] (1-6)

where

01 = initial phase difference between E and E2 1
phase constants of the 0,1 and:"2,1 :modes

= length of S-band waveguide

The cutoff frequency of, the 2)l mode in S-band wave-

guide is 6.06 kMc. Henoe, beloW this frequency, E is zero and
equation 1-13 can be used-directly to compute the waveguide

power from a single measurement of P . Above 6.06 kMe, the

0,1 and 2,1 modes can exist in S-band ,waveguide. If the

,# I-5



transmitting tube-to-waveguide transistion launches these

modes, 1 "will not be zero. However, since &is the only
term in equation I-15 that depends on t, i can be made to
cancel. If a line stretcher i.n the S-band waveguide (which

is dispersive), is adju'sted to obtain the maximum and mi.nimum

values of Pp, the result is

P E

P5P

p max p (r-iy)

Averaging these two equations coauss to cancel and the
result is equation 1-13, where P is now interpreted as the

p.peak-to-dip, averageq (P p a--. ,P 1.m

AA5ove 7.65 kMc, the 'second error term

an oexist inie arte eve-bn .wvi .not be lau cd by iosymtiale

coaxial-to-wavegude transitions that are located mntte cen-

ter of the broad wall of the waveguide. Furthermore, modes

that are close to their cutoff frequnocy are difficult to

launch. For these reasons, it is believed that, in practice,

one error term will be. dominant, and. the use of, the l'ine
stretcher to obtain the peak-to-dip average will result in

accurate Power measurements.

4'
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APPENDIX II

POWER FLOW IN MULTIMODE RECTANGULAR WAVEGUIDE

This appendix derives the expression for the total

incident power flowing in a rectangular waveguide that con-

tains an arbitrary set of TE and TM modes..- Total power is

obtained from integration of the Poynting vector. To solve

for the incident power, we assume that the E and H fields

are measured when the waveguide termination is matched for

all modes.

The coordinate system is shown in Figure II-1. The

time-average power flow in the z direction is given by

b a

S[Re RxFi4 . zdxdy (i)

where E and H are the rms values of the electric and magnetic

fields, respectively., and z is a unit Vector in the z direc-

tion.

Expanding the fields into their, components, gives

the following.. simplification to equation II-i:

b a .

PRe(E - EyHx)dxdy (1I-2)

We desire an expression that gives P in terms of

the E fields only. This is obtained by eliminating H by means

of the. Maxwell equation

II-iV



This generates the following relationships:

antd

H T =ll3c

yy

equa.tion II-;2.gives "the result for power £low in a' rectangular

waveguide:

P Re Y1b 1 a[B(Z*

1 .

Re+ E zJjdxdy

o L

11-2



y

DIRECTION'OF

POWER FLOW

F IGUREt' I-I COORDflTATE SYSTEM FOR RECTANGULAR WAVEGUIDE
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APPENDIX HT

POWER FLOW.IN ENLARGtb WAVEGUIDE

This appendix shows that the general expression

for power flow in arbitrarily large rectangular waveguide

(equation 11-4) reduces to

= - a +I~2dxdy (TImI)

0 0

where i~is the intrinsic impedance, 120v for free 'space.

Expressions for the error using equation IIT-i are

al so de r ived.

Let us first examine..the first two terms -of equa-

tion. II-4.

II.~ I~Re~ E j[ ~ ~ E T)dxdY

For a given mode, J= E bnd J= JE,

pIs the guide wavelength)-." If the h-ighest-order..propa,-.

gating mode i1. limited' to that consist~nt with.*the -standard

guide,. will. approach the free-space wavelength ~,if. the.
g,

wave i s tapered to an arbitrarily-large guide-. This enables,

us to say tha t

rb a
jE 1 18 Iy12 dxdy (111-'3)

11+-



Since ?~is the same f or any mode, equation-I11-3 need not be
separately integrated for each mode. By noting that'

w= 2w(IEp)/12, equation 111-3 reduces to

1 Ex ( 2L+ IEy2) dxdy (1-4

The right-hand side of equation 111-4 is identical

with the right-hand side ofequation III-1. This implies that

the latter two terms of., equation 11-4 must be zero. Tha t 'is,

12 R ~ f ja[gx(~]*+ 0

("'1-5)
We Will show that I mutapproach zero as the waveguide2 ms
cross-section approaches .infinity.

Z Examination of.,,2 shows that only TM modes could

c~ontr*Ibute. We should th~xrefore evaluate I2 for a typical

TM mode, and take ,the limit asad and b approach infinity.

The ex pression f or the electric field components of. a TKm
mode i s:

x a~V~/ n2 / a, b

2Vin _________ mx nr y
77F~ 7~~/ sin --- cos b (11;-6)

2M 2mx nwy

where Vis the mode-voltage amplitude, for a par-icullar mode.



ifWe can otaIn and byfrom the preceding;

6E -JVmr Nban / mfr,
2-KV ba+aab Cos!--sin }2T7y

anab

ZE -V V 2b'a n 2 ab sin IITWx sin n
2  rna.

Substituting equations IIIL6 and 111-7 into equation'-III-5 gives-

b- jr [22, 22 ++IS~ 2 L 1 jn 1 . dd
/l -& 032 S sin a ~

Equation 111-8 shows that 1 0-4 as a 'and b *

for finite m, n, and N~ Since the gradual ,tapered section

connecting the large waveguide section to the standard. size

guide w~ill preserve the bounded modal content, 6f the standard

guide, the condition of f inite in-and n is fully justified.

V' .mus t be finite because it approaches tbe value of ~i'n the.
9

large guide. We have therefore proved that equation' 111-1 is

correct.

Since, in practice, we are limiting the a and-b

dimensions of, the large guide to about three timies the stand-

adguide values,' it Is essential to show that the' error in

using equation III-] is small. Teerror can be estimated by

taking the -worst. case of a mode that is Just slightly above

cutoff in. the standard guide and comparing the exact power*

flow (eqUation' 11-4) with that predicted by equation III-1.

This. error will be an' upper boiund because most of the other

modes will be far from cutoff (cldser to a plane-wave condi-

tibn).

111-3



Substituting equation 111-6 in equation ITT-i.. and

perf orming the indicated integrations, gives P 2 iTio

the ideal plane-wave case. Substituting equations 111-6 and"

111-7 in, equation.II-4 gives the exact power flow for a given

TM mode.

The fractional error is

TI [ I f]I= ; 1 -- 1?_ o
C TM 2./ .1 (f) f~ f-«

A similar analysis 'for a TE mode would give a

* fractional error of

F1/ Ifc fr_ <
ETE =[ -(f 2] -f+X2~ f «1

We can now evaluate the error f or 'enlarged. .guide.
three times the size of a standard guide. The maximum error,

yc 1/3> usiuin f 1 i ihroccurs for--= o 1/ inetr
equation .111-10 or 111-11 predicts an error of 6 percent.

111-4



APPENDIX IV

DETERMINATION OF AVERAGE PROBE POWER USING

A COMMUTATOR-AVERAGING TECHNIQUE

A mothod for automatic-ally determining the average

of the power coupled by the probes is described. Automatic

sampling of the probe power can be achieved with a continu-

ously.rotating commutator. The equations describing the

operation of the commutator are derived.

" It will be assumed that the angular transmission

function is exactly the same for each commutator segment,

This transmission function is shown in Figure IV-1.

Since the segments are idehtical, rotating the corn-

mutator through 360 degrees results in the total-commutator

* transmission function shown in Pigure IV-2._

th
The output power' 6f the J commutator-segment is

=T(G)Pi~j

Where

th
= input power from the jth probe (j = 1, 2, .. J).,

T(G) - transmission' function 6f.a segment,

G = angle Of Wiper arm from any convenient
reference point. ,,

The input power, will be different for each probe... The output

power of all the commutator segments is shown in Figure IV-3.

* The total area under this curve is

IV-1



2r 2

-0 i + 1 iJ) Tvi

A l P2+ +Pjf T( d (PV12)

P Tf(G) d-

If an average-reading meter is used to read the

average value, .Q, of the commutator output power over one
cycle, then

A 27rQ (IV-3)

There fore

*2rQ (iv-4)

TV- 2



TRANSMISSION

.: ROTOR ANGLE )N RADIANS

FIGURE TV-i. TRANSMISSION AS A FUNCTION OF ROTOR ANGLE F OR. A
* SINGLE CQM4MUTATOR SEGMENT..

TRANSMISSION

ROTOR*ANGLE IN RAbIANS

FIGfURE. IV-2. TRANSMISSION AS A FUNCTION OF ROTOR ANGLEFOR.
ALL. COMMUTATOR.SEGMENTS

-770 7T

ROTOR ANGLE IN R~bIANS,

'FIGURE. IV-3. OUTPUT POWER AS A FUNCTION.OF ROTOR ANGL OR
ALL COMMUTATOR.SEGMENTS,

IV-3



APPENDIX V

COMMUTATOR AVERAGING CORRECTION.

In a new method. for averaging the power coupled by

the fixed probes, the sum of the power coupled by all the

probes is divided by the total number of probes. This method

is readily adaptable to automation.

In the original method, the ",average of the, coup-ed

power js.*

lb )n

where '

Pb = sum of' powers coupled by broad-wall probes
P sum of powers coupled by na'row-wall probes

n
K number. of broad.,wall probes, 22

Lt,= number of narrow-wall probes, 14

When a series :of manually operated switches is used for sam-

pling, P and P can be measured.,separately, and,, after divisionb n
by the appropriate constantjPp is computed.

The system is automated by replacing the'switches

by a rotating comiutator. It is not now possible to average

the broad-wall and narrow-wall powers separately. An average

can be obtained by using

Clearly, Pp is"not the same as Pp. To minimize the dIsc ep-'

ancy, ,P -is multiplied by a constant which can be o'timized

V-1



for the range of powers expected. The error is

1. P + P
P

P.P

K(100 (K+ +) L)(K+L+ K) .
* UK+ L)lO0+{) ~(2L) vs

Fore R 2s
D P .1 r-.7d

Foasr=100 d t aeidiaeta vle fR ewe

and ~ 1.083il b saifcory +0.3 s cae.Ifibo

chse 2 omk h oaihi ro 0lgD qa nmg,1

tudeandoppoiteIn sgn or R 2 ad R 00'the



The error is zero at R = 5.33 and is maximum at R = 2 and

R 100.

For the commutaior,,

T+ Pn" b n 0.0248 (Pb + , (V-7)

The sum of all "the powers sampled by the commutator must there-

fore be multiplied by 0.0248 to g'ive an indication which

differs-from, the true average by 0.37 db or less..
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APPENDIX VI

DERIVATION OF RECEIVER NOISE FIGURE

AND BANDWIDTH PRODUCT

Let Vnoise be the voltage which, when applied to

tne input terminals of the receiver, will produce a receiver

output power equal to the receiver output noise power. Also,

let V and V be the voltages presented to the input terminalsx y
of the receiver by two probes coupling to Ex and E in thex y
waveguide.

As shown in Appendix III

b a
P z W f lEI 2' + JEYI'dxdy (VI-l)

I b a

T2 ~fJc I V2 + y2 dxdy (VI-2)
p

where

vx - kp JExj

Vy= kp IEY

To obtain an upper bound on the crror, assume an

E-field distribution such as with the TE mode (Figure VI-I).
30

An ideal (noiseless) receiver will reproduce this distribu-

tion with no error. With receiver noise present, however,

VI-I



the receiver output is greater (Figure VI-2). The difference

between the two outputs depends on the E-field distribution;

the more times the probed voltage drops below the noise level,

the greater the error. An upper limit on the error is obtained

by assuming that the noise is contributing along the entire

waveguide cross section.

The power in the guide has been shown to be

S b a EXIC + IBY 12 dxdy
~o

Substituting

V= kp Exj

Vy= k p E

p 2

For an upper limit on the error, Vnoise is integrated over the

guide cross section, resulting in

FE 1 b fa 2
2

oik o I ois +Vnoise dxdy

P

(VI-4)

= 2  noi snoiae= 2 F ab

p

VI-2



but

os2 kTBFR (VI-5)
nse kTFc

where

k = Boltzmann's constant,

T - temperature in degrees Kelvin,

B - receiver bandwidth,

F - receiver noise figure,

R c  receiver input resistance.

Substituting equation VI-5 in equation VI-4,

o = 2ab- kTBFRC (vi-6)
noise p

The error in the power measurement is defined as

1
Pz

E = -IC log -

P
z

where

i z power measured if P noise is neglected,

Pz= true power.

Since

P 1 =P P
z z noise

P n is el( I 7

E = -10 log 1 - P(VI-7)

VI -3



Substituting equation VI-6 in equation VI-7,

kTBFZc

1 - I0 -E/10 = 2ab 2 z

or

BF I 10E1 Pk2 (vI-8)
2ab r-! kTRc

The probe coupling constant k will now be related
P

to the more easily measurable insertion loss of the same probe

located at the center of the broad wall of a guide propagating

power in the dominant mode only. The insertion loss L is

defined as

L = 10 log - (VI-9)

where

P = I)wer propagating in waveguide,

Pc = power coupled to coaxial line by the probe.

Now

PC = c  (VI-lo)

Substituting equation '1-2 in equation VI-9,

E 
2

P = k2  max (VI-ll)Sc p R c

where Emax is RMS value of the electric field strength at the

center of the guide.

VT-4



Ba~t

E2  - 2P(v-)
max a

if the dominant mode is far above outoff. Therefore, by

equations VI-iC, VT-li, and VI-9,

P ab CERc = 1 0 L/10 (VI-13)

c p

or

2 ab R R V-4

Substituting equation '11-14 in equation VI-8,

BF -(1-0 Pzo) (VI1

41cT 1 OL/1O(I-5

If P~, is set equal to the minimum power level whioh

is required to be deteoted,

IF - 1 0 -E/l1) Pmin

gives the maximum permissible noise figure and bandwidth

produc t of the receiver.

VT-5
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FIGURE VI-1. E-FIELD DISTRIBUTION WITH TE30

NOISE LEVEL

FIGURE VI-2. RECEIVER OUTPUT WHEN NOISE IS PRESENT IN
RECEIVER
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APPENDIX VII

DIFFERENCE BETWEEN TOP-WALL AND BOTTOM-
WALL ELECTRIC FIELDS FOR TE10 - AND

TE5 1 -MODE PROPAGATION

Expressions will be derived for the top-wall and

bottom-wall electric fields with TE1 0 - and TE5 -mode propa-

gation in terms of the ratio of top-wall to side-wall maxi-

mum field amplitude. The TEl mode was chcsen since it can

exist in the enlarged guide at frequencies at which appreci-

able differences between the top-wall and bottom-wall fields

were observed despite very small contributions from the side-

wall probes. Furthermore, the appearance of the field plots

suggested a mode with a relatively high m index.

Assume the existence of the TE1 0 and TE 5 1 modes in

time phase. The field components are

E1 Ay - sin a (VII-!)Eioy =-a

B A 51 (5) sin 5acosp (VII-2)E5ly a-y

Elo x A 0 (VII-3)

E 51X = cos 5a sinp (VII-4)

where

-A 51 = arbitrary amplitude factors of the TE0 and
TE51 modes

a = wide dimension of waveguide

b = narrow dimension of waveguide

a =-!! in radians
a

___ in radians

VII-1



At y = 0, the total electric field is

Ey = 1!A sEyO - '0 sin a + 5A5 1 sin 5a) (VIi-5)

At y = b, the total electric field is

E = -(Ai sin a - 5A5 1 sin 5 a) (VII-6)
Yly-b a 10

At y = 0, the maximum field occurs for a = r/2.

E = -!( A "-5 A)(IIEy max = -a 10 1 51)(V -7

At x = a, the total electric field is

A
x sin 5 (VII-8)

The maximum field occurs for = 2

A 1
E a AS1 (VII-9)x ma. x =a b

The ratio of the maximum top-wall electric field to

the maximum side-wall electric field is

Ey

Ey ma 2i LO b A 10R Ex maXx a r + 5) (VII-10)

x Ia x=a 51

From equation VII-10,

A,
A 51 10L (VII-11)51 aR (b

VII-2



and from equation VII-7

A aR

E 10 5b (VII-12)
ymax y=O a a

Substituting equation VII-Il into equation VII-5 and

VII-6 yields

Y y =O  A sa +  sin 5 (VII-13)y05b i

Ey a sn a - R sin 5a (VII-14)

Normalizing equations VII-12 and VII-13 with respect to

equation VII-12 and simplifying yields

E y -Ey max 1 - 5b1 )sin a + sin 5a1Eyo y max y5

E sin 5 a (VII-16)E yb E N m ax I y= O 5--b - - i

Equations VII-15 and VII-16 are the expressions for the

top-wall and bottom-wall electric-field strengths in terms of

R. These equations have been computed for R equals 20 and

25 db, using the actual dimensions of the enlarged waveguide

for a and b. The results of the computations are shown in

Figures VII-1 and VII-2.
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These figures show that, for a contribution from

the side-wall probes that is small relative to that from the

top-wall or bottom-wall probes, there can be enough Ey from

a higher-order mode to cause considerable asymmetry in the

top-wall and bottom-wall electric fields. For this asymmetry

to occur, the mode index n of the higher-order mode must be

odd.

__ __ _VI-4
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APPENDIX VIII

MEASUREMENTS IN PRESENCE OF MULTIMODE MISMATCHES

An analysis of the power measured by the fixed

probes in the presence of an arbitrary mismatched termina-

tion is given below. It is shown that power into a mis-

matched load can be measured by varying the phase of the

load's reflection coefficient and the length of the dis-

persive line stretcher.

The electric field components in an oversize wave-

guide that is terminated in a multimode mismatched load

(having reflection coefficients rmn ) is

N M + z cos Tfx sin b
n=o m=o mn

and (VIII-I)

N M F J2mz] mwx nrr

Ey N nom Ey 1 + r Cmn sin Cos -Y

n-ho m~o y&

where

rmn = the reflection coefficient for the mn mode
at z = o

$mn = the propagation constant for the mn mode.

The true power delivered to the multimode mismatch

is the sum of the absorbed power in each mode, which is

VIII-I



. o .r, [ n ,1 (1 +o>[- 2 (VIII-2)

Where and 6mo are Kronecker deltas that 
are zero for all

modes but on and mo.

Let us now evaluate the information 
gained from the

fixed-probe averages taken with 
a sliding termination. The

boundary fields are

N M 1 + Jmn sn1  r

Ex Z L E~ 1i n
X=o n=o m=O x

(VIII-3)

Ex = x (-i) m  sin

n= O = I'X

x=a n. SO

and

N M EMx i +-

Ey = Z Em sin a 1 +

y=o n=o m=o a

(viii-4)

N M n ITx m
E m E= mn (-) sin a .

n=o M=~o y ~ n

where

mn =2mn urn,

mn = the phase of rmn.
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These fields can also 
be expressed as

N N 1 nir
E L sin

Ex. Ensi b' X n.0 En b

X=o n"O 
x=a

(VIII -5)

14 m.x E z Em min

Ey 
=  o T Em sin - ' -b o

Y 
o

where

14 1' + I  -- C ( -l ) , Fm n

= L= 0  E

jm=Ol=

Assuming a large number 
of sampling probes on 

all

four walls, the average 
power is

VIII-3



ab N jE0  12 1 + r 'n12 + 2lronI cos (20onz +4- )

M 21 + rro2+2r. o 2mz+*
+ E7 1 L mci + I1'o O 2mZ4 m

N m y2  + lrmn 12 + 2 IrmnI cos (2emnz + *rnnj

N m E21 +2rn ;o (121

+ E lE m j lrmn2  n)

N N + _J -2
+ab Z Z ZEm E, 0  +()
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Here again, the form of the result 
is the sum of

JEmnj
2 values plus cross-product 

terms of the form 
E 1 E *

The cross-product summation must 
be a real number but can be

plus or minus. If the line stretcher is used 
in the standard-

size waveguide, the cross-product terms will 
be minimized

because of the equal likelihood of 
plus or minus real values.

The remaining terms are still 
the squared ones (the first four

summation expressions), which 
must always be real and positive.

The Pp expression is further simplified 
when the

phases of the reflection coefficients 
are varied. This can

be done by moving a line stretcher in the oversize waveguide

located between the fixed-probe 
section and the mismatched

load. The variation in P with the position of this line

stretcher will be sinusoidal because all 5nu's 
are, to a

very good approximation, equal 
to the free space $($ o ) in

the oversize waveguide (provided 
that no new modes are gen-

erated Jn the oversize waveguide). 
The Pp expression (without

the cross-product terms) is

P M0no Tc Y_ Y_ 0 jEm
2  [I jn 21j cos (2pz - (II

which, after vaorying the oversize-waveguide 
line stretcher

and taking the average value 
of Pp, gives

P a m N 
M N

-ab Tf on ~~ 2 (ET~1 (viii-8)
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Equation 11-8 can be expressed as
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Fa = FM + P(VIII-9)

where

PM the power delivered to a multimode 
matched

load,

P the reflected power from the multimode
mismatched termination.

We wish to measure the power absorbed 
by the mis-

matched termination, 4hich is

PT = PM - PRior PR = PM - PT (VilI-O)

Substitution of PR from equation !I-10 
in equation 11-9 gives

PT= 2 PM Pa (VIII-L1)
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